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INTRODUCTION
The incidence of esophageal adenocarcinoma (EAC) in Western Europe and North America has shown an upward trend for many decades. Despite advances made with respect to its treatment, EAC remains to have a poor prognosis. EAC often arises within Barrett esophagus (BE) (1,2), a metaplastic condition of the distal esophagus, in which through longstanding gastroesophageal reflux esophagitis (RE), the normal squamous epithelium is replaced by columnar epithelium. In Western countries, the prevalence of BE has increased dramatically since the 1970s (3), which explains the increasing incidence of EAC. BE is likely caused by a combination of genetic and environmental factors (4) , but few studies have examined the exact association with dietary components.
Vitamins and antioxidants are believed to be key dietary components, some of which pose anticarcinogenic action (5) . Vitamin D is a micronutrient and is the precursor to the steroid hormone calcitriol. It is obtained from dietary sources, but can also be produced endogenously under the influence of solar ultraviolet-B radiation (6) . Its main action lies in normal development and mineralization of a healthy skeleton. Despite this, the vitamin D receptor (VDR) is expressed in a variety of tissues that are not involved in
Vitamin D Receptor Polymorphisms Are Associated with Reduced Esophageal Vitamin D Receptor Expression and Reduced Esophageal Adenocarcinoma Risk
Vincent T Janmaat, 1* Anouk van de Winkel, 1* Maikel P Peppelenbosch, 1 Manon C W Spaander, 1 André G Uitterlinden, 2 Farzin Pourfarzad, 3 Hugo W Tilanus, 4 Agnieszka M Rygiel, 5 Leon M G Moons, 1 Pascal P Arp, 2 Kausilia K Krishnadath, 5 Ernst J Kuipers, 1, 2 and Luc J W van der Laan 4 Departments of 1 Gastroenterology and Hepatology, 2 Internal Medicine, Epidemiology and Clinical Chemistry, 3 Cell Biology, 4 Surgery, Erasmus MC-University Medical Center, Rotterdam, the Netherlands; and 5 Center for Experimental Molecular Medicine, Academic Medical Center, Amsterdam, the Netherlands Epidemiological studies indicate that vitamin D exerts a protective effect on the development of various solid cancers. However, concerns have been raised regarding the potential deleterious role of high vitamin D levels in the development of esophageal adenocarcinoma (EAC). This study investigated genetic variation in the vitamin D receptor (VDR) in relation to its expression and risk of Barrett esophagus (BE) and EAC. VDR gene regulation was investigated by immunohistochemistry, reverse transcriptase-polymerase chain reaction (RT-PCR) and gel shift assays. Fifteen haplotype tagging single-nucleotide polymorphisms (SNPs) of the VDR gene were analyzed in 858 patients with reflux esophagitis (RE), BE or EAC and 202 healthy controls. VDR mRNA expression was higher in BE compared with squamous epithelium. VDR protein was located in the nucleus in BE. An rs1989969T/rs2238135G haplotype was identified in the 5' regulatory region of the VDR gene. It was associated with an approximately two-fold reduced risk of RE, BE and EAC. Analysis of a replication cohort was done for BE that confirmed this. The rs1989969T allele causes a GATA-1 transcription factor binding site to appear. The signaling of GATA-1, which is regarded as a negative transcriptional regulator, could explain the findings for rs1989969. The rs2238135G allele was associated with a significantly reduced VDR expression in BE; for the rs1989969T allele, a trend in reduced VDR expression was observed. We identified a VDR haplotype associated with reduced esophageal VDR expression and a reduced incidence of RE, BE and EAC. This VDR haplotype could be useful in identifying individuals who benefit most from vitamin D chemoprevention. calcium or phosphate metabolism. Considerable evidence exists in scientific literature, citing an inverse epidemiological relationship between vitamin D and the incidence of several cancers (5, 7) .
The protective properties of vitamin D have been most extensively studied for colorectal cancer. Several metaanalyses reported consistent protective effects of high vitamin D status for colorectal neoplasia (8) (9) (10) (11) . This could be explained by the finding that the VDR controls nuclear β-catenin levels in colon cancer cells and can thus attenuate the effect of mutations that activate the Wnt/β-catenin pathway (12) . Additionally, Hummel et al. (13) showed that increasing dietary vitamin D intake prevents chemically induced preneoplastic lesions in mice colon. However, a large-scale randomized controlled trial, the Women's Health Initiative, found that calcium and vitamin D supplementation had no effect on the incidence of colorectal cancer compared with the placebo arm after a 7-year follow-up; this follow-up period is possibly insufficient for detecting the effect (14) . A recent overview of the influence of vitamin D on cause-specific death shows an inverse association with cardiovascular, oncological and other causes of death (15) . However, there have been notable exceptions to this protective character, as reported for serum 25-hydroxy vitamin D levels, exposure to vitamin D or increased exposure to sunlight and upper gastrointestinal cancer (16) (17) (18) (19) . In addition, a significant direct association was observed between the highest tertile versus the lowest tertile of vitamin D intake and EAC, even after adjustment for confounders (20) . Similar observations have been made for pancreatic cancer risks (21) . The research of Trowbridge et al. (22) , although preliminary, suggests that EACs, which do not respond to neoadjuvant therapy, have greater expression of VDR than tumors that do respond completely. A recent review from this group states that no association can be identified with the current epidemiologic data, but that sun exposure is consistently reported to be inversely associated with EAC (23) .
Factors that govern the outcome of vitamin D-mediated chemoprevention may lie in differential expression and/or activity of enzymes responsible for local activation and degradation of vitamin D, or variations in the expression or signaling of the VDR itself. The VDR gene encompasses about 64 kb, consisting of a 5′ region containing noncoding exon 1a to 1f, the coding exons 2-9 and a 3′ UTR (Supplementary Figure S1A) (24) (25) (26) (27) . It is known that VDR protein is expressed in BE and normal stomach mucosa (28) . Additionally, it is present in the normal colon, where it is more abundantly expressed in premalignant and cancerous lesions (29) .
At present, little is known about the role of the VDR gene and its singlenucleotide polymorphisms (SNPs) in BE and EAC. Therefore, the aims of this study were to, first, analyze VDR RNA and protein levels in BE. Second, this study aims to analyze 15 haplotype tagging SNPs (htSNPs) with respect to the risk of RE, BE and EAC development. HtSNPs are representative SNPs in a region of the genome with high linkage disequilibrium; each htSNP represents a group of SNPs (that is, a haplotype). The 15 htSNPs chosen are sufficient to cover the common genetic diversity across the VDR gene (24) . Third, our study aims to analyze htSNPs that have a different frequency in patients versus controls for VDR expression level. Here, we report two SNPs: 1453C>T (rs1989969) and 1633G>C (rs2238135). The presence of the rs1989969 T/rs2238135 G haplotype was associated with a reduced risk for BE; this finding was confirmed with a replication cohort. The same was found for RE and EAC in a single cohort for each condition. The rs1989969 T allele was found to create a GATA-1 binding site and is associated with a two-fold (p = 0.11) decrease in VDR expression in BE. The G allele of rs2238135 is associated with a 2.5-fold (p = 0.01) decrease in VDR expression in BE as well. Potential implications for vitamin D-based chemoprevention will be discussed.
MATERIALS AND METHODS

Human Patients and Healthy Controls
The association between VDR alleles and esophageal disease was analyzed in a group of 708 patients with RE, BE (30) . Additionally, subjects visiting a general practitioner during this period for symptoms unrelated to and without any previous symptoms of gastroesophageal reflux disease (GERD) were asked to participate and served as healthy controls (n = 202). Patient characteristics are given in Table 1 . We attempted to contact all patients and subjects included in the study to collect data regarding their genetic background. In roughly half of the cases, information on ethnic background was obtained. Less than 1% of successfully contacted study participants were of non-Caucasian descent. Subjects included in the RE population had endoscopically confirmed RE (n = 307), which was graded according to the Los Angeles (LA) classification (31) . Patients were diagnosed endoscopically with BE (n = 260) if they had a columnarlined segment in the esophagus of >2 cm in length with histological signs of specialized intestinal metaplasia. The length of the columnar-lined segment was determined endoscopically by measuring the distance between the squamocolumnar junction (the location at which the lightpink mucosa of the squamous-lined esophagus joined the red mucosa of the columnar-lined epithelium) and the gastroesophageal junction. Endoscopic diagnosis of EAC (n = 141) was confirmed by pathologic assessment of the histology of biopsies. An independent BE replication cohort (n = 150) was collected from the Academic Medical Center, located in Amsterdam. BE was identified endoscopically by an expert gastroscopist. Random biopsy specimens were taken from each quadrant of the BE at every 2 cm according to standard protocol. The biopsy specimens used in this study were taken from the middle of the BE segment. The random biopsies therefore surround the study biopsies. All random biopsy specimens were analyzed by an expert gastrointestinal pathologist, and the study biopsy specimens were used only when they contained Barrett epithelium. Squamous epithelial biopsies were taken 5 cm above the squamous Barrett junction. This study was approved by the institutional ethics review committees, and all patients gave informed consent before participating in the study.
Genotyping
Genomic DNA was extracted from 5 mL whole blood by a wizard genomic DNA purification kit (Promega, Madison, WI, USA). Fifteen htSNPs across the VDR gene were genotyped with the use of the high-throughput TaqMan allelic discrimination assays. A random 5% of samples were independently repeated to confirm genotyping results.
Real-Time PCR mRNA Quantification from Human Esophagus Samples
Total RNA was extracted from tissue biopsies by using TriReagent (SigmaAldrich, St. Louis, MO, USA) and purified by using an RNeasy micro column kit (Qiagen, Hilden, CA, USA). Onefortieth of a 1-μg cDNA synthesis reaction (iScript cDNA Synthesis Kit; BioRad, Hercules, CA, USA) was used in a 25-μL quantitative reverse transcriptasepolymerase chain reaction (RT-PCR) using SYBR GreenER (Invitrogen [Thermo Fisher Scientific Inc., Waltham, MA, USA]). The following primers were used for VDR gene amplification: 5′-CCGCATCACCAAGGACAAC-3′ and 5′-GCTCCCTCCACCATCATTCAC-3′. Duplicate samples were run in independent PCR runs, and the average level of VDR gene expression was normalized to RNA polymerase II and GAPDH gene expression by using the Pfaffl method (32).
Immunohistochemical Staining
From the formalin-fixed, paraffinembedded tissue, 5-μm tissue sections were sliced and mounted on adhesive slides (Starfrost, Berlin, Germany). After deparaffinization in xylene and dehydration in alcohol, endogenous peroxidase was inactivated by incubation with 0.5% hydrogen peroxidase in methanol for 15 min. Antigen retrieval was performed by boiling the sections for 10 min in 10 mmol/L citric acid monohydrate buffer (pH 6.0). Sections were blocked with 5% bovine serum albumin. Anti-VDR monoclonal antibody (1:200; clone 9A7, Affinity Bioreagents, Golden, CO, USA) was incubated for 1 h at room temperature, followed by polyclonal biotin-labeled goat anti-rat (1:500; Dako, Denmark). After 45 min of incubation with streptavidin-horseradish peroxidase (HRP) (1:300; Dako, Glostrup, Denmark), VDR was visualized by using 3-amino-9-ethylcarbazole as a substrate and hematoxylin counterstaining. Sections were evaluated by using light microscopy (Axioskop 20; Zeiss, Oberkochen, Germany), and pictures were taken and analyzed by using Nikon software (NisElements 2008; Tokyo, Japan).
Electrophoretic Mobility Shift Assay
Oligonucleotides used in electrophoretic mobility shift assay (EMSA) and supershift assays were 5'-CCAGG 
Statistical Analyses
Genotype distribution was tested for Hardy-Weinberg equilibrium. The study was powered (80%) to allow detection of a 10% difference in genotype distribution of the VDR SNPs or haplotypes between the groups by performing Pearson χ 2 analysis. Odds ratio (OR) and 95% confidence interval (CI) were calculated by risk estimate analysis. Logistic regression analysis was applied to establish allele dose effects. Statistical analyses were conducted by using SPSS v11.0 (SPSS [IBM, Armonk, NY, USA]), and two-tailed significance was p < 0.05. We did not adjust for multiple testing. However, a replication cohort was included for BE. One-tailed t tests were performed to test the hypothesis that GG versus CC and TT versus CC genotypes were associated with lower VDR levels.
In Silico Sequence Analysis
The human genomic DNA sequence of the intronic region near the noncoding exon 1c ~1.5 kb upstream of the translation start site was downloaded from the National Center for Biotechnology Information database (http://www.ncbi.nlm.nih.gov). The reference sequence used was NC_018923.2. Transcription factor binding sites were predicted by PROMO (version 3.0.2), which is a virtual laboratory for the identification of putative transcription factor binding sites. PROMO uses the 8.3 version of TRANSFAC (34, 35) . The dissimilarity threshold was set at 5%.
All supplementary materials are available online at www.molmed.org.
RESULTS
BE Epithelium Has a High Expression of VDR Compared with Squamous Epithelium
We investigated VDR expression in normal squamous epithelium compared with BE tissue in individual BE patients. In the majority of patients (20 of 25, 80%), presence of BE correlated with a two-fold increase in VDR mRNA expression ( Figure 1A ; p = 0.002). This result was associated with higher levels of VDR protein in the BE segment, especially in the epithelial compartment, as evident from immunohistochemical staining of squamous and BE biopsies from the same patient ( Figure 1B) . As shown in Figure 1C , in most BE tissue, the VDR protein had a nuclear localization, suggesting activation of the receptor. Thus, VDR mRNA expression is upregulated and VDR protein is activated in BE compared with squamous epithelium.
The rs1989969 T/rs2238135 G Haplotype Is Associated with Reduced Risk for NeoplasmAssociated Esophageal Disease
Genomic DNA was obtained from a group of 708 patients with RE, BE or EAC and compared with a group of 202 healthy controls without any symptoms of esophageal disease. Patient characteristics are given in Table 1 . As shown in Table 2 , rs1989969 and rs2238135, the two htSNPs in the exon 1c region, were found to be differently distributed in 
Identification of an rs1989969-Dependent GATA-1 Binding Site in the VDR Intronic Region Near the Noncoding Exon 1c
With the finding established that carriers of the T allele of rs1989969 and the G allele of rs2238135 are two-fold less susceptible to neoplasm-associated disease, we further analyzed these SNPs. The availability of a multispecies genomic sequence allowed us to examine the sequence conservation across the transcriptional unit and indicated various highly pan-vertebrate conserved regions, especially around the location of rs1989969 and rs2238135, near the noncoding exon 1c ~1.5 kb upstream of the translation start site (Figure 2) . The strong evolutionary conservation in this region might well be consistent with a role in transcriptional regulation. Interestingly, rs1989969 was found to convert the transcriptionally inert majority allele into a canonical GATA-1 binding site (that is, T/A GATA A/G) (36) (Figure 3,  Supplementary Figure S1 ). rs1989969 could thus be expected to alter VDR expression in cell types expressing GATA-1 transcription factor. GATA1 expression has been shown in the human stomach and duodenum but not in the small intestine, appendix and colon (37) . GATA1/2/3 ortholog expression has been reported in the esophagus of the polychaete annelid, Capitella (38) . Additionally, GATA4 and GATA6 mRNA was found to be expressed highly in the proximal gastrointestinal tract (39, 40) . The various GATA transcription factors have closely related and sometimes overlapping binding sites; therefore, GATA-4 and GATA-6 could have a similar function as GATA-1 (36) .
In EMSA, the binding of the GATA-1 transcription factor was tested by using oligonucleotides bearing the C and T allele of rs1989969, together with nuclear extracts and antibodies against GATA-1 ( Figure 3A) . Supershift experiments indicated that GATA-1 transcription factor binds to the oligonucleotide with the rs1989969 T allele, whereas the oligonucleotide bearing the common rs1989969 C allele does not show detectable binding ( Figure 3B) . Thus, the rs1989969 SNP results in a differential binding of GATA-1 to the VDR gene.
The rs1989969 and rs2238135 SNPs Influence Esophageal VDR Expression
To study the functional consequences of the rs1989969 and rs2238135 SNPs on VDR expression, esophageal biopsies were taken from BE of patients, and VDR expression levels were determined by using quantitative RT-PCR. The expression of VDR in the esophagus was on average 2.5-fold lower in BE patients carrying two copies of the rs2238135 G allele versus subjects carrying two copies of the rs2238135 C allele (p = 0.01). VDR expression was two-fold lower in BE patients carrying two copies of the rs1989969 T allele versus subjects carrying two copies of the rs1989969 C allele. However, this association did not reach statistical significance (p = 0.11; Figure 4) . Thus, the rs2238135 C allele results in 2.5-fold higher esophageal VDR expression. The C allele of rs1989969, in which the GATA-1 binding site is absent, shows a trend in higher esophageal VDR expression.
DISCUSSION
The incidence of EAC rises to date despite surveillance strategies. In many cases, the development of EAC is related to BE. This premalignant stage provides the opportunity to prevent the Values in italic are significant at 95% CI.
development of BE-related adenocarcinoma by stratifying BE patients at risk for neoplastic progression. Additionally, it provides the opportunity to identify BE patients who are likely to respond negatively to vitamin D supplementation. Vitamin D supplementation is likely to convey a level of chemopreventive properties against oncogenic transformation in other tissues. Identifying genetic, tissue-specific markers that distinguish individuals on their responsiveness to vitamin D would represent a rationale for detecting groups of patients that could benefit most from vitamin D-based chemoprevention. Obtaining DNA from blood would provide an easy and cheap way to identify patients that have the highest benefit. Therefore, the aim of this study was to investigate the role of VDR in BE; study the consequences of SNPs in the VDR gene on the development of RE, BE and EAC; and elucidate the mechanisms by which these SNPs exert their effect. We found that BE epithelium has a two-fold higher expression of VDR mRNA compared with squamous epithelium. This result was concomitant with a higher expression of VDR protein detected by immunohistochemistry. In addition, VDR protein was found to predominantly have a nuclear localization, suggesting activation of the receptor. Subsequently, 15 htSNPs of the VDR gene were analyzed with respect to the risk of RE, BE and EAC development. The T allele of rs1989969 was associated with a reduced risk for BE. The same was found for RE in a single cohort. A similar trend was observed for EAC, also in a single cohort. The G allele of rs2238135 was associated with a reduced risk for RE in a single cohort. A similar trend was observed for BE and EAC. The presence of the rs1989969 T/rs2238135 G haplotype was associated with a reduced risk for BE; this finding was confirmed with a replication cohort. The same was found for RE and EAC in a single cohort. The two SNPs were further analyzed to elucidate the mechanisms by which they exert their effect. The rs1989969 minor T allele resulted in a GATA-1 binding site in the VDR intronic region near the noncoding exon 1c. This result was identified in silico and was verified by EMSA. Here, oligos containing the T allele of rs1989969 displayed strong GATA-1 transcription factor binding, whereas oligos derived from the major C allele were not capable of doing so. Furthermore, the VDR mRNA level in BE tissue of rs2238135 G allele carriers was found to be lower than the mRNA level in rs2238135 C allele carriers. A trend in the same direction was found for the rs1989969 T versus C allele. This finding resulted in possible vitamin D sensitivity in this organ. This result provides a mechanism that could explain why the rs1989969 T/rs2238135 G haplotype is associated with a reduced risk for neoplasm-associated esophageal disease.
A role of vitamin D in the etiology of BE is expected from the well-known mutual positive interaction between VDR signaling and signaling of bone morphogenetic proteins. Bone morphogenetic protein-4 expressed in RE induces a columnar phenotype in esophageal squamous cells and is thus possibly important for the precancerous process (41) . The present study further supports this concept by establishing the upregulation of VDR signaling during the metaplastic process. GATA factors are well established, mostly negative transcriptional regulators. Accordingly, the rs1989969 T allele, which results in a GATA-1 binding site, reduces expression of the VDR. It was previously shown that IL-4 induces GATA1 expression, which, subsequently, represses VDR expression and enables monocyte-derived dendritic cell differentiation within inflammatory sites (42) . This could take place in BE during inflammation, providing additional support for the here-presented findings.
The rs1989969 T/rs2238135 G haplotype was associated with a reduced incidence of RE at a level on par with the reduced incidence in BE and EAC observed in this study. This finding would support the notion that this haplotype exerts its effect on the risk of BE and EAC by reducing the rate of RE instead of reducing the rate of progression from RE to BE and EAC. Both SNPs reported here are haplotype tagging; the association found between the T allele of rs1989969 and a lower incidence of neoplasm-associated esophageal disease and VDR expression levels can in part be due to other genetic variation with which the rs1989969 T allele is associated. The same holds true for rs2238135. Its action could, in part, even be due to an association with rs1989969 by the linkage disequilibrium that exists between the two SNPs. Further research can improve our understanding of the relative importance of individual genetic variations with which the SNPs we report on are associated.
Chang et al. (43) found that rs2238139 (277+2550C>T) and rs2107301 (277+3260C>T) TT homozygotes had a significantly reduced risk of EAC compared with CC homozygotes. Unfortunately, however, we did not analyze the same SNPs and therefore extrapolation is not straightforward. Chang et al. also analyzed SNP rs2238135 for an association with EAC and reported negative results. Our study also reported negative findings for this particular association, but we did observe an association between the G allele of rs2238135 and both RE and reduced VDR expression in this study. An association was also observed in the BE replication cohort but not in the original cohort. The lack of association between rs2238135 and EAC might therefore be a consequence of our study being underpowered for this particular question. Unfortunately, the same reason has probably also prohibited us from being able to draw strong conclusions with regard to the relation between the rs1989969 T allele and reduced VDR mRNA expression in BE. Whereas genetic association studies require replication cohorts, this study did not include replication cohorts for both RE and EAC. Because a BE replication cohort was included and RE, BE and EAC are related conditions, extrapolation of our conclusions with respect to BE to RE and EAC is plausible. However, confirmation of our findings by others, especially with respect to RE and EAC, is necessary. Whereas the ethnic composition determined from roughly half of the subjects suggests no substantial ethnic admixture of our study group, this notion is uncertain.
Currently, a path between VDR SNPs, probably via influence of VDR expression, and the cancerous process has been established. This association is implied from theoretical (positive interaction with BMP signaling), epidemiological observations (dietary vitamin D intake and UV-B exposure are associated with increased risk for esophageal cancer) as well as the observations made in the present study. GATA transcription factor expression appears to be lower in the distal tract, which has been shown for GATA1 (37) , GATA4 and GATA6 (39) . In addition, the vitamin D-based chemopreventive effects in the colon might be transferred through mechanisms other than those involving these VDR SNPs. Therefore, we propose that individuals carrying more rs1989969 T and rs2238135 G alleles will benefit more from vitamin D-based chemopreventive strategies because they are less likely to be confronted with the negative consequences of these strategies, being malignant esophageal disease. Confirmation of this notion obviously requires reevaluation of previous trials involving dietary vitamin D supplementation, assessing the number of rs1989969 T and rs2238135 G alleles in the participants. If confirmed, the rs1989969 and rs2238135 SNPs would represent the first polymorphisms that stratify individuals for the use of a particular chemopreventive strategy.
CONCLUSION
This study serves as a proof of principle that SNPs in the VDR gene can modify the risk of RE, BE and EAC, probably through modification of VDR expression. To investigate how serious the impact of vitamin D truly is, additional research is needed into the mechanisms by which vitamin D affects the risk of developing RE, BE and its sequelae EAC. The rs1989969-dependent GATA-1 binding site in the VDR intronic region near the noncoding exon 1c, identified in silico and tested in EMSAs, provides a starting point for this. At the same time, evidence from epidemiological studies mimicking the true longlife effects of vitamin D are required to endorse the idea of personalized recommendations for vitamin D supplementation.
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The authors declare that they have no competing interests as defined by Molecular Medicine, or other interests that might be perceived to influence the results and discussion reported in this paper. Figure 4 . Presence of the rs1989969 T or rs2238135 G allele decreases esophageal VDR expression. BE biopsies were analyzed for VDR mRNA levels by quantitative RT-PCR. In the first panel, the esophageal expression of VDR was on average 2.5-fold lower in BE patients carrying two copies of the rs2238135 G allele versus subjects carrying two copies of the rs2238135 C allele (p = 0.01, one-tailed). In the second panel, VDR expression was two-fold lower in BE patients carrying two copies of the T allele of rs1989969 versus subjects carrying two copies of the C allele of rs1989969. However, this association did not reach statistical significance (p = 0.11, one-tailed).
